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Expression of parathyroid hormone-related peptide messenger
ribonucleic acid in developing kidney
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Expression of parathyroid hormone-related peptide messenger tors for PTHrP exist, no clones have been produced to
ribonucleic acid in developing kidney. date [6–8].
Background. Parathyroid hormone (PTH)-related peptide Unlike PTH, which is the major regulator of blood
(PTHrP), originally identified as a causative agent of hypercal-
calcium homeostasis, PTHrP is expressed in a variety ofcemia of malignancy, has been implicated in the regulation of
normal fetal and postnatal tissues [9–13].growth and differentiation of endochondral bone, hair follicle,
The overexpression or null mutation of the PTHrPand breast as an autocrine/paracrine factor. Although some
experiments indicate that PTHrP works as a growth factor for gene in mice indicates that PTHrP regulates at least
primary renal cells in vitro, the role of PTHrP in the kidney endochondral bone development [14–16], hair follicle
in vivo is not yet known. formation [17], and branching morphogenesis in the
Methods. We examined the amounts of PTHrP and PTH/
breast [18] as an autocrine/paracrine factor.PTHrP receptor (PTHR) mRNA in the mouse kidney develop-
To our knowledge, there are no published data on themental process by reverse transcription-polymerase chain reac-
targeted overexpression of PTHrP in the kidney, andtion, and investigated which cells produce PTHrP and PTHR
in vivo by in situ hybridization. the overexpression or null mutation of the PTHrP gene
Results. We observed high levels of PTHrP mRNA during in mice has not been shown to have a regulatory effect
mouse kidney maturation. PTHrP mRNA was expressed in on kidney development. However, some experimentsthe collecting duct, urothelium of the pelvis, and immature
indicate that PTHrP is mitogenic for renal cells [19] andelements in the cortex of the developing kidney, including the
mesangial cells [20] in vitro. In vivo, rat renal PTHrPS-shaped body, ureteric bud, and glomerulus. However, the
expression of PTHR mRNA was lower during maturation than mRNA levels are increased by twofold after ischemia
after the completion of the maturation process, and it was not [20]. It is generally accepted that the capillary loops of
detected in the collecting duct, urothelium of the pelvis, or the glomerulus differentiate after the afferent arteriole
nephrogenic zone in embryonic day 16 or 0-day-old mouse grows into the concavity of Bowman’s capsule. It is alsokidneys.
thought that PTHrP may be involved in the paracrineConclusion. These findings suggest that PTHrP has a role
control of vascular contractility and smooth muscle dif-in mouse kidney maturation or glomerular development.
ferentiation and vascular remodeling.
We therefore speculated that PTHrP has a role in
kidney maturation (regeneration) or glomerular devel-Parathyroid hormone (PTH)-related peptide (PTHrP)
opment. However, PTHrP in the immature kidney re-was initially identified as a causative agent of humoral
mains to be thoroughly examined in vivo.hypercalcemia of malignancy, paraneoplastic syndrome
In this study, we examined the variations of the[1, 2]. PTHrP resembles PTH structurally in the N-termi-
amounts of PTHrP and PTHR mRNA in the maturationnal portion (1-34) and functions, at least partially, by
process of the mouse kidney and investigated which cellsbinding to the same PTH/PTHrP receptor (PTHR) [3–5].
produce PTHrP and PTHR in vivo.Although physiological studies suggest that other recep-
METHODS
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Table 1. The sequences of the primers and PCR conditions
Primers Positionsa Condition Cycle Product
PS1 59-AAGGGCAAGTCCATCCAAGA-39 156–175 94C 5m 651 bp
PR1 59-CAGAGTCAGCAGCACCAAGA-39 343–362 63C 45s
0.5C/sec to 94C 38
94C 45s
PS2 59-TGGTTCAGCAGTGGAGTGTC-39 1654–1673 94C4m 296 bp
PR2 59-GTATCTGCCCTCATCGTCTG-39 307–326 94C1m
57C1m 38
72C2m
RS 59-GGCCGCGGGCACACAGCAGCCAACATAA-39 57–76 94C4m 547 bp
RR 59-CCCGGGGCCGCAGCATAAACGACAGGAA-39 735–754 94C1m
60C1m 26
72C2m
GS 59-GGTGTGAACCACGAGAAATA-39 439–458 94C4m 460 bp
GP 59-TGAAGTCGCAGGAGACAACC-39 880–899 94C1m
57C1m 30
72C2m
Sequences underlined were tagged for the connection with promoter sequences.
All of the PCRs were followed by a single additional 7 min extension at 728C.
a Each position was from the sequence in the GENBANK database. PS1 and PR2 were available in the GENBANK under accession number M60056. PR1 was
under M60057. PS2 was under M60058. RS and RR were under X78936. GS and GP were under M32599.
were killed by cervical dislocation, and their kidneys Competitive template
were immediately removed. Reverse transcription-polymerase chain reaction of
PTHrP was performed in the same reaction mixture as
RNA extraction
described earlier in this article using another primer set,
Total cellular RNA was isolated by acid-guanidium- PS2 and PR2 (Table 1). The RT-PCR product (296 bp
phenol-chloroform extraction. The isolated RNA was fragment) was subcloned into the vector pCR2.1 (In-
dissolved in diethylpyrocarbonate-treated water, and the vitrogen, San Diego, CA, USA). The subcloned, 296 bp
RNA concentration was determined spectrophotometri- fragment was extracted by Apa1 and Sac1. The extracted
cally at 260 nm using a Gene Quant RNA/DNA calcula- fragment was further digested with Cfo1 to delete a 55
tor (Pharmacia, Cambridge, UK). bp long fragment (position 126 to 181 in M60056) and
relegated into the Apa1 and Sac1 sites. The clone that
Reverse transcription-polymerase chain reaction
contained a 241 bp fragment was screened by agarose
Reverse transcription-polymerase chain reaction (RT- gel electrophoresis. We confirmed the sequence of the
PCR) was performed to determine the amounts of clone.
PTHrP, PTHR mRNA, and the internal control glyceral-
Competitive polymerase chain reactiondehyde-3-phosphate dehydrogenase (GAPDH) mRNA.
One microgram of the total RNA obtained from the First, 2.5 mg total RNA (the final volume of the reac-
mouse kidneys (the final volume of the reaction was 12.5 tion was 25 ml) was reverse transcribed using an oli-
ml) was reverse transcribed using an oligo(dT) primer go(dT) primer with a RT-PCR kit (Stratagene). One
with an RT-PCR kit (Stratagene, La Jolla, CA, USA). microliter of the first-strand cDNA reactions was used
One microliter of the first-strand cDNA reactions was for each 50 ml PCR. The PCR was performed as de-
used for each 25 ml PCR. The PCR was performed using scribed earlier here, except for the use of 0.2 mm each
a Gene Amp DNA Amplification Reagent kit (Perkin- primer, AmpliTaq Gold (Perkin-Elmer), the GeneAmp
Elmer, Branchburg, NJ, USA). All reactions were done PCR System 2400 (Perkin-Elmer), and dilutions of com-
with 1.5 mm MgCl2 and 0.4 mm of each primer, and ac- petitive template ranging from 0.0015 to 10 fg.
cording to the manufacturer’s instructions using a Pro- The cycle times used were 948C for nine minutes, 948C
grammable Thermal Controller (MJ Research, Water- for 30 seconds, and 658C for 30 seconds for 40 cycles,
town, MA, USA). followed by a single, additional 10-minute extension at
The primer sets PS1 and PR1 for PTHrP, RS and RR 728C.
for PTHR, and GS and GR for GAPDH were used The products amplified were a 296 bp fragment of
(Table 1). The RT-PCR products were sequenced by the PTHrP and a 241 bp fragment of the competitive tem-
dideoxy method and confirmed as the published se- plate. After 3% Nusieve (FMC Bioproducts, Rockland,
ME, USA) 3:1 agarose gel electrophoresis and stainingquences.
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Tissue preparation
Kidneys were removed from E16 mouse fetuses and
0-day-old mice and quickly dipped into freshly prepared
4% paraformaldehyde (PFA)–phosphate-buffered sa-
line (PBS) for 0.5 to 2 hours at 48C. After being washed
with PBS, the kidneys were kept in 30% sucrose/PBS
until they sank, preincubated with OCT compound
(Miles, Elkhardt, IN, USA), and then frozen with liquid
nitrogen. Ten micrometer sections, cut with a cryostat,
were collected on saline-precoated slide glasses.
In situ hybridization
Sections were postfixed with 4% PFA–PBS for 15 min-
utes, digested with 1 mg/ml proteinase K (378C, 45 min)
in PBS, and treated again with 4% PFA–PBS (10 min).
Fig. 1. Expression of parathyroid hormone related peptide (PTHrP), After being washed with PBS, the sections were incu-
PTH/PTHrP receptor (PTHR), and GAPDH mRNA during mouse
bated with 0.2 n HCl (10 min), washed again with PBS,kidney development. Mouse kidneys isolated at E18, day 0, 1, 2, 3, 5,
and 7 weeks old were used for RT-PCR. Products were derived from acetylated with 0.25% acetic anhydride in the presence
PTHrP mRNA (upper band, 651 bp), PTHR mRNA (middle band, 547 of triethanolamine (1 m, 10 min), dehydrated with in-bp), and GAPDH mRNA (lower band, 460 bp).
creasing concentrations of ethanol, and then dried. Hy-
bridizations with a 10 mg/ml DIG-labeled probe were
performed in a humidified chamber in a solution con-
of the gel with ethidium bromide, the fluorescence of taining 50% formamide, 10% dextran sulfate, 1 3 Den-
the corresponding bands was quantitated with the use hardt’s solution, 600 mm NaCl, 10 mm Tris-HCl, pH 7.6,
of a charge-coupled device (CCD) camera connected 1 mm ethylenediaminetetraacetic acid (EDTA), 0.25%
to a personal computer (Densitograph; ATTO, Tokyo, sodium dodecyl sulfate, and 200 mg/ml transfer RNA (16
Japan). Quantitation was performed using a log–log scale hr, PTHrP 508C, PTHR 608C).
plot of the fluorescence intensity of the wild-type and After hybridization, the sections were briefly washed
competitive PCR products, which were multiplied by with 5 3 SSC at 558C, 50% formamide 2 3 SSC (558C,
296/241 to correct for the difference in molecular weight. 30 min), PBS (378C, 5 min), 1 mg/ml ribonuclease A in
PBS (378C, 30 min), PBS (378C, 5 min), and 2 3 SSCPreparation of riboprobes
(558C, 20 min), and twice with 0.2 3 SSC (558C, 20 min).
The RT-PCR product of PTHR was used as the tem- After this washing, the sections were washed with a
plate for a further PCR by primers with a tag and pro- maleic acid buffer (0.1 m maleic acid, pH 7.5) 0.15 m
moter. The sequences of the primers were as follows: NaCl for five minutes and incubated with 1% blocking
sense, 59-GAATTCTAATACGACTCACTATAGGG reagent (DIG Nucleic acid detection kit; Boehringer
CCGCGG-39, including the T7 promoter, and antisense,
Mannheim), first in maleic acid buffer (60 min) and then
59-GGATCCATTTAGGTGACACTATAGAACCCG
with 1.5 U/ml antidigoxigenin-AP Fab fragments (Boeh-
GGGC-39, including the SP6 promoter. The reaction
ringer Mannheim) in maleic acid buffer (30 min). Un-conditions were the same as those for the RT-PCR de-
bound antibodies were removed by washing twice withscribed earlier here. The cycle consisted of 948C for four
maleic acid buffer (15 min 3 2). The signal was detectedminutes, 948C for one minute, 608C for one minute, and
by the A.P. substrate kit including BCIP/NBT (Vector728C for two minutes, for 35 cycles, followed by a single
Laboratories, Burlingame, CA, USA). The sections wereadditional seven-minute extension at 728C. After 1.5%
counterstained by methylgreen.Nusieve GTG agarose (FMC Bioproducts) gel electro-
phoresis, a gel fragment containing a 597 bp fragment
Statisticsof the PCR product was excised. The 296 bp DNA frag-
Results are expressed as mean 6 sem. Differencesment of PTHrP and the 597 bp DNA fragment of PTHR
among groups were analyzed by one-way analysis ofwere used as templates for the synthesizing probes re-
variance followed by Fisher’s protected least significantquired by a DIG RNA labeling kit (Boehringer Mann-
difference test using the software program Statviewheim Biochemica, Mannheim, Germany). The templates
(Abacus Concepts, Inc., Berkeley, CA, USA). A P ofwere sequenced by the dideoxy method and confirmed
as the published sequences [21, 22]. less than 0.05 was considered significant.
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Fig. 2. An analysis of PTHrP mRNA levels during mouse kidney development by competitive PCR. (A) Photograph of PTHrP target bands (296
bp) and competitor bands (241 bp). One microliter of the first-strand cDNA reactions from day 0 mouse kidney and dilutions of competitive
template (10 fg, 3.3 fg, 1.1 fg, 0.37 fg, 0.12 fg, 0.041 fg, 0.014 fg, 0.0046 fg, 0.0015 fg, 0 fg) were used for each 50 ml PCR. This photograph is
representative of three independent experiments using day 0 mouse kidney. (B) Bars indicate the amounts of PTHrP mRNA in E18, 0-, 1-, and
7-week-old mouse kidneys. Each bar represents the means 6 sem of three independent experiments. *P , 0.05; **P , 0.01.
RESULTS the glomerular epithelium. It was not detected in the
collecting duct, urothelium of the pelvis, or nephrogenicAmounts of PTHrP and PTHR mRNA in the mouse
zone (Fig. 4 A–D).kidney during development
We first compared the developmental time courses of
expression in the mouse kidney. The expression of DISCUSSION
PTHrP mRNA was much higher before the age of two
These findings revealed that the immature mouse kid-weeks than after (Fig. 1), until which point new nephrons
ney expresses a high level of PTHrP, which suggests thatwere being generated. To quantitate the amount of
PTHrP may play some role in the kidney maturation.PTHrP mRNA, a competitive PCR was performed. The
Neither PTHrP nor PTHR knockout mice exhibitE18, 0-, 1-, and 7-week-old mouse kidneys had 0.14 6
morphologic tissue changes (including the kidney) ex-0.05, 0.46 6 0.08, 0.29 6 0.07, and 0.03 6 0.02 fg/1 mg total
cept in bone [14, 15]. Nevertheless, the targeted overex-RNA, respectively (Fig. 2). In contrast, the expression of
pression of PTHrP in the skin or breast of mice has beenPTHR mRNA was higher after the age of two weeks
reported to result in the delay/failure of hair folliclethan before and did not show any apparent change after
the age of two weeks (Fig. 1). formation or branching morphogenesis [17, 18]. Trans-
genic mice that overexpress PTHrP in the pancreatic
Localization of parathyroid hormone-related peptide islet have twice as many islets as normal mice and display
mRNA in the developing kidney inappropriate hyperinsulinemia [23]. These findings indi-
Parathyroid hormone-related peptide mRNA was cate that these knockout mice do not have abnormalities
dominantly expressed in the collecting duct, the devel- of all tissues in which PTHrP functions in the growth
oping tubules, urothelium of the pelvis, and immature and/or differentiation process. It can speculated that the
elements in the cortex of the developing kidney, includ- compensatory mechanism and sensitivity for the deletion
ing the S-shaped body, ureteric bud, and glomerulus. It
of PTHrP function depend on tissue types. Moreover, itwas not expressed in the mature glomerulus (Fig. 3).
is difficult to detect postnatal abnormalities becauseThe pattern of expression was essentially identical in the
these knockout mice die at birth. PTHrP mRNA is ex-E16 fetal and 0-day-old mouse kidneys.
pressed in many fetal tissues [9–13], and we speculate
Localization of PTHR mRNA in the that it may play a role in the growth and/or differentia-
developing kidney tion process in many tissues.
In this study, we detected PTHrP mRNA in the collect-In the E16 fetal and 0-day-old mouse kidneys, PTHR
mRNA was expressed in the developing tubules and ing duct, urothelium of the pelvis, the developing tubules,
Aya et al: PTHrP in kidney1700
Fig. 3. Localization of PTHrP mRNA in the mouse kidney. Sections of 0-day-old mouse kidney were hybridized with DIG-labeled antisense (A)
and sense (B) RNA probes. (C) PTHrP mRNA was highly expressed in the collecting duct (CD), urothelium of the pelvis (U), and nephrogenic
zone (immature area in the developing kidney; N). It was weakly expressed in the developing tubules (T), detectable in the immature glomeruli
(G), but absent in the mature glomeruli (MG). (D) PTHrP mRNA was expressed in the S-shaped body. (E) PTHrP mRNA was expressed in the
ureteric bud. (F) It was detectable in the immature glomeruli (G), but absent in the mature glomeruli (MG).
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Fig. 4. Localization of PTHR mRNA in mouse kidney. (A) In 0-day-old mouse kidney, PTHrP mRNA was highly expressed in the developing
tubules (T) and the glomeruli (G). It was not detectable in collecting duct (CD), urothelium of the pelvis (U), and nephrogenic zone (N). (B) In
0-day-old mouse kidney, PTHR was expressed in the glomerular epithelium. (C) In 0-day-old mouse kidney, PTHR was expressed in the developing
tubules. (D) In E16 mouse kidney, PTHR was expressed in the proximal and distal tubules (T) and the glomeruli (G). It was not detectable in
the collecting duct (CD), urothelium of the pelvis (U), or nephrogenic zone (N).
immature elements in the cortex of the developing kid- important for kidney development, was found in the
S-shaped body by in situ hybridization [26], the WT1ney, including the S-shaped body, ureteric bud, and glo-
merulus. Although we did not examine PTHrP immuno- protein was not detectable therein by immunohisto-
chemistry [27].reactivity because many such experiments have already
been conducted, such immunoreactivity has been shown We observed high levels of PTHrP mRNA in the mice
up to the age of two weeks, at which time mice stopin the collecting duct, urothelium of the pelvis [9, 10, 24,
25], proximal and distal tubules [9, 10, 25], and renal generating new nephrons in the kidney. The amount of
PTHrP mRNA in the 0-day-old kidneys was 15 times asblastema [9], with a signal decrease in the glomerulus
during development [9, 25]. The localization of PTHrP high as that of the 7-week-old kidneys. The expression
of WT1 mRNA peaks at postnatal day 5 [27], and thismRNA is almost the same as that of its protein, except
for the S-shaped body and ureteric bud. This discrepancy pattern of expression is similar to that of PTHrP mRNA.
Moreover, expression occurs in immature elements inmay be explained by the fact that the sensitivity of in
situ hybridization is superior to that of immunohisto- the cortex of the developing kidney, including the
S-shaped body, ureteric bud, and glomerulus. It was notchemistry. In fact, although the mRNA expression of
the Wilms’ tumor suppressor gene WT1, which is very expressed in the mature glomerulus. These results sug-
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tion, and Dr. Hidemi Kanazawa for confirming the sequences of thegest that PTHrP may have an important role in mouse
RT-PCR products.
kidney maturation and glomerular development.
It was recently reported that PTHrP increases the ex- Reprint requests to Yoshiki Seino, M.D., Department of Pediatrics,
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Japan.
drocytes and that Bcl-2 lies downstream of PTHrP in the E-mail: yoseino@hospital.okayama-u.ac.jp
signal pathway [28]. Bcl-2 immunoreactivity is present in
the collecting duct, tubules, the glomerulus, and meta- REFERENCES
nephric cap tissue in the E 16.5 mouse kidney [29]. The
1. Suva LJ, Winslow GA, Wettenhall RE, Hammonds RG, Mose-
localization of Bcl-2 is very similar to that of PTHrP ley JM, Diefenbach JH, Rodda CP, Kemp BE, Rodriguez H,
Chen EY, Hudson PJ, Martin TJ, Wood WI: A parathyroidmRNA. These findings lead us to hypothesize that
hormone-related protein implicated in malignant hypercalcemia:PTHrP may regulate apoptosis via Bcl-2 in the immature
Cloning and expression. Science 237:893–896, 1987
kidney. 2. Mangin M, Webb AC, Dreyer BE, Posillico JT, Ikeda K, Weir
EC, Stewart AF, Bander NH, Milstone L, Barton DE, FranckeIn this study, the expression of PTH/PTHrP receptor
U, Broadus AE: Identification of a cDNA encoding a parathyroidmRNA did not decrease after the age of two weeks; it
hormone-like peptide from a human tumor associated with hu-
was localized in the developing tubules and glomeruli moral hypercalcemia of malignancy. Proc Natl Acad Sci USA
85:597–601, 1988and was not detected in the collecting tubule, urothelium
3. Martin TJ, Moseley JM, Gillespie MT: Parathyroid hormone-of the pelvis, or nephrogenic zone in E16 fetal or 0-day-
related protein: Biochemistry and molecular biology. Crit Rev Bio-
old mouse kidneys. In the adult rat kidney, it is localized chem Mol Biol 26:377–395, 1991
4. Juppner H, Abou-Samra A-B, Uneno S, Gu WX, Potts JJ, Segreto glomerular podocytes, convoluted and straight proxi-
GV: The parathyroid hormone-like peptide associated with hu-mal tubules, the cortical portion of thick ascending limbs,
moral hypercalcemia of malignancy and parathyroid hormone bind
and distal convoluted tubules, but not in the thin limbs to the same receptor on the plasma membrane of ROS 17/2.8 cells.
J Biol Chem 263:8557–8560, 1988of Henle’s loop or collecting ducts [30]. Localization in
5. Abou-Samra A-B, Juppner H, Force T, Freeman MW, Kongthe developing rat kidney is the same as in the adult
XF, Schipani E, Urena P, Richards J, Bonventre JV, Potts JJ,
kidney and does not change with development. These Kronenberg HM, Segre GV: Expression cloning of a common
receptor for parathyroid hormone and parathyroid hormone-relatedfindings indicate that PTHR in the fetal mouse kidney
peptide from rat osteoblast-like cells: A single receptor stimulatesmay have some role in fetal calcium homeostasis by
intracellular accumulation of both cAMP and inositol trisphos-
PTHrP/PTH. Indeed, the placental calcium transport by phates and increases intracellular free calcium. Proc Natl Acad Sci
USA 89:2732–2736, 1992PTHrP in mouse is probably more important for fetal
6. Kovacs CS, Lanske B, Hunzelman JL, Guo J, Karaplis AC,calcium homeostasis than this system.
Kronenberg HM: Parathyroid hormone-related peptide (PTHrP)
We found that the localization of PTHR mRNA is regulates fetal-placental calcium transport through a receptor dis-
tinct from the PTH/PTHrP receptor. Proc Natl Acad Sci USAdifferent from that of PTHrP in the immature mouse
93:15233–15238, 1996kidney. This discrepancy may be explained in two ways.
7. Fukayama S, Tashjian AJ, Davis JN, Chisholm JC: Signaling
First, although PTHR is down-regulated by PTHrP and by N- and C-terminal sequences of parathyroid hormone-related
protein in hippocampal neurons. Proc Natl Acad Sci USAis not detected by in situ hybridization [13], PTHR may
92:10182–10186, 1995be localized near or in the same cells that produce
8. Orloff JJ, Ganz MB, Ribaudo AE, Burtis WJ, Reiss M, Mil-
PTHrP, binding it to the PTHrP and functioning in the stone LM, Stewart AF: Analysis of PTHRP binding and signal
transduction mechanisms in benign and malignant squamous cells.autocrine/paracrine system. Second, PTHrP may func-
Am J Physiol 262:E599–E607, 1992tion by binding to an unknown PTHrP receptor. PTHrP
9. Moniz C, Burton PB, Malik AN, Dixit M, Banga JP, Nicolaides
receptors other than the PTH/PTHrP receptor have not K, Quirke P, Knight DE, McGregor AM: Parathyroid hormone-
related peptide in normal human fetal development. J Mol Endo-yet been identified. However, the existence of novel
crinol 5:259–266, 1990PTHrP receptors in the placenta, hippocampal neurons,
10. Campos RV, Asa SL, Drucker DJ: Immunocytochemical localiza-
malignant squamous carcinoma cells, and human epider- tion of parathyroid hormone-like peptide in the rat fetus. Cancer
Res 51:6351–6357, 1991mal keratinocytes has been suggested [6–8].
11. Senior PV, Heath DA, Beck F: Expression of parathyroid hor-In conclusion, in the immature mouse kidney, PTHrP
mone-related protein mRNA in the rat before birth: Demonstra-
mRNA is present at a high level in the collecting duct, tion by hybridization histochemistry. J Mol Endocrinol 6:281–290,
1991urothelium of the pelvis, and immature elements of the
12. van de Stolpe A, Karperien M, Lowik CW, Juppner H, Segreglomeruli. These locations are very similar to those of
GV, Abou-Samra A-B, de Laat SW, Defize LH: Parathyroid
PTHrP protein and are different from those of PTHR hormone-related peptide as an endogenous inducer of parietal
endoderm differentiation. J Cell Biol 120:235–243, 1993mRNA. These findings indicate that PTHrP may play a
13. Lee K, Deeds JD, Segre GV: Expression of parathyroid hormone-role in mouse kidney maturation and glomerular devel-
related peptide and its receptor messenger ribonucleic acids during
opment. fetal development of rats. Endocrinology 136:453–463, 1995
14. Karaplis AC, Luz A, Glowacki J, Bronson RT, Tybulewicz
VL, Kronenberg HM, Mulligan RC: Lethal skeletal dysplasiaACKNOWLEDGMENTS
from targeted disruption of the parathyroid hormone-related pep-
tide gene. Genes Dev 8:277–289, 1994We thank Dr. Sintaro Nomura for his kind donation of osteopontin
cDNA in the interest of the technical advancement of in situ hybridiza- 15. Lanske B, Karaplis AC, Lee K, Luz A, Vortkamp A, Pirro A,
Aya et al: PTHrP in kidney 1703
Karperien M, Defize L, Ho C, Mulligan RC, Abou-Samra A-B, 23. Vasavada RC, Cavaliere C, D’Ercole AJ, Dann P, Burtis WJ,
Madlener AL, Zawalich K, Zawalich W, Philbrick W, StewartJuppner H, Segre GV, Kronenberg HM: PTH/PTHrP receptor
in early development and Indian hedgehog-regulated bone growth. AF: Overexpression of parathyroid hormone-related protein in
the pancreatic islets of transgenic mice causes islet hyperplasia,Science 273:663–666, 1996
16. Weir EC, Philbrick WM, Amling M, Neff LA, Baron R, Broa- hyperinsulinemia, and hypoglycemia. J Biol Chem 271:1200–1208,
1996dus AE: Targeted overexpression of parathyroid hormone-related
peptide in chondrocytes causes chondrodysplasia and delayed en- 24. Moseley JM, Hayman JA, Danks JA, Alcorn D, Grill V,
Southby J, Horton MA: Immunohistochemical detection of para-dochondral bone formation. Proc Natl Acad Sci USA 93:10240–
10245, 1996 thyroid hormone-related protein in human fetal epithelia. J Clin
Endocrinol Metab 73:478–484, 199117. Wysolmerski JJ, Broadus AE, Zhou J, Fuchs E, Milstone LM,
Philbrick WM: Overexpression of parathyroid hormone-related 25. Burton PB, Moniz C, Quirke P, Malik A, Bui TD, Juppner
H, Segre GV, Knight DE: Parathyroid hormone-related peptide:protein in the skin of transgenic mice interferes with hair follicle
development. Proc Natl Acad Sci USA 91:1133–1137, 1994 Expression in fetal and neonatal development. J Pathol 167:291–
296, 199218. Wysolmerski JJ, McCaughern CJ, Daifotis AG, Broadus AE,
Philbrick WM: Overexpression of parathyroid hormone-related 26. Pritchard JK, Fleming S, Davidson D, Bickmore W, Porteous
D, Gosden C, Bard J, Buckler A, Pelletier J, Housman D,protein or parathyroid hormone in transgenic mice impairs
branching morphogenesis during mammary gland development. Heyningen VV, Hastie N: The candidate Wilms’ tumour gene is
involved in genitourinary development. Nature 346:194–197, 1990Development 121:3539–3547, 1995
19. Garcia A, De Miguel F, Penaranda C, Albar JP, Sarasa JL, 27. Englert C, Hou X, Maheswaran S, Bennett P, Ngwu C, Re GG,
Garvin AJ, Rosner MR, Haber DA: WT1 suppresses synthesis ofEsbrit P: Parathyroid hormone-related protein is an autocrine
modulator of rabbit proximal tubule cell growth. J Bone Miner the epidermal growth factor receptor and induces apoptosis.
EMBO J 14:4662–4675, 1995Res 10:1875–1884, 1995
20. Soifer NE, Van Why SK, Ganz MB, Kashgarian M, Siegel NJ, 28. Amling M, Neff L, Tanaka S, Inoue D, Kuida K, Weir E, Phil-
brick WM, Broadus AE, Baron R: Bcl-2 lies downstream ofStewart AF: Expression of parathyroid hormone-related protein
in the rat glomerulus and tubule during recovery from renal ische- parathyroid hormone-related peptide in a signaling pathway that
regulates chondrocyte maturation during skeletal development. Jmia. J Clin Invest 92:2850–2857, 1993
21. Mangin M, Ikeda K, Broadus AE: Structure of the mouse gene Cell Biol 136:205–213, 1997
29. Novack DV, Korsmeyer SJ: Bcl-2 protein expression during mu-encoding parathyroid hormone-related peptide. Gene 95:195–202,
1990 rine development. Am J Pathol 145:61–73, 1994
30. Lee K, Brown D, Urena P, Ardaillou N, Ardaillou R, Deeds22. McCuaig KA, Clarke JC, White JH: Molecular cloning of the
gene encoding the mouse parathyroid hormone/parathyroid hor- J, Segre GV: Localization of parathyroid hormone/parathyroid
hormone-related peptide receptor mRNA in kidney. Am J Physiolmone-related peptide receptor. Proc Natl Acad Sci USA 91:5051–
5055, 1994 270:F186–F191, 1996
